We discuss methods leading to the fabrication of orthogonal substrates comprising surfaceanchored polymer brushes, in which the polymer brush grafting density and molecular weight vary independently in two mutually perpendicular directions. We demonstrate that these orthogonal polymer substrates can be used as intelligent combinatorial platforms that facilitate the spatial distribution of nanoparticles and allow screening of protein adsorption on surfaces.
INTRODUCTION
One focus of contemporary biomaterials science is to be able to understand the relationship between surface and interfacial properties and the response of the surface to a biological phenomenon. Having acquired this knowledge, it will be possible to efficiently control surface properties, which in turn govern the biocompatibility of synthetic biomaterials [1] . In order to do this, a careful and quantitative evaluation of the surface properties of the biomaterial is required. For most commercially available biomaterials such a systematic study is precluded by their complex surface chemistry. Consequently, it is difficult to correlate the events that occur at the blood-biomaterial interface with a particular property of the interface [2] .
Self-assembled monolayers (SAMs) and surface grafted polymers serve as model surfaces that allow researchers to achieve molecular level control over surface properties, both for fundamental studies of surfaces and for technological applications [3] . While early studies of SAMs concentrated mainly on preparing substrates with laterally homogeneous structures, recent advances in the field have led to the development of a plethora of new technologies that allow for creating SAMs with two-dimensional chemical patterns [4] . In particular, microcontact printing (µCP) has proven to be a convenient method for preparing chemically patterned substrates [5] . Grafting of polymer chains to the surface enables amplification of response of the surface to a biological phenomenon by increasing number of responsive functional groups attached to the surface. Techniques involving the patterning of thicker polymer layers grafted to the substrate have been developed as well [6] [7] [8] [9] [10] [11] [12] [13] . In these techniques, the material surface is selectively decorated with polymerization initiators and macromolecules are grown directly from the surface (so-called "grafting from" polymerization). Using this method, the thickness of the overcoat film can be adjusted by simply varying the polymerization conditions (time, monomer concentration, and temperature).
The soft-lithography techniques always produce sharp boundaries between distinct chemical regions on the substrate. This feature makes soft lithography useful for decorating substrates with well-defined chemical patterns of various shapes and dimensions. However, for quick and complete exploration of complex phenomena such as those encountered in biological processes, it is desirable that the physicochemical characteristics, such as wetting and number density of functional group change gradually along the substrate. This can be accomplished by producing surfaces with position-dependent and gradually varying chemistry. [14] . Recent studies have reported on the preparation of molecular gradients on length scales ranging from nanometers to centimeters [15, 16] , thus offering the prospect of meeting the demands of a variety of novel applications. For example, such gradient substrates can be useful in high-throughput studies of the interfacial behavior of molecules and macromolecules [16, 17] (the entire behavioral spectrum can be assessed in a single experiment), they can serve as templates for further processing, or they can be used as active elements in controlled surface transport of materials. Such gradient surfaces offer combinatorial platforms for rapid, inexpensive and unambiguous investigation of a multivariate phenomenon [16, 17] . Similar study by traditional methods typically requires preparation of numerous samples, ostensibly under similar experimental conditions.
PREVIOUS WORK
Our group has recently developed methods for preparing surface-tethered polymers with smoothly varying polymer brush grafting density, σ, [18, 19] , brush molecular weight, MW, [20] , and the composition of a surface-anchored block copolymer [21] . A gradient in σ so formed was utilized to study (1) mushroom-to-brush crossover in surface-anchored polyacrylamide (PAAm) [18, 19] and (2) the effect of the external salt and pH on the behavior of weak poly(acrylic acid) brushes as a function of grafting density [22] . In another study [23] , gradient in MW of anchored PAAm was utilized to control the assembly of gold nanoparticles. In this work, Bhat et al. have systematically explored the effect of polymer chain length on particle uptake in the brush. Top panel in Figure 1 shows atomic force microscopy images taken along the PAAm MW gradient after gold nanoparticle (diameter ≈17 nm) attachment. The number of particles per unit area increases as dry thickness (which is proportional to MW of polymer chain, for constant grafting density) increases along the gradient ( Figure 1 , bottom panel). It was also found that for a constant grafting density of polymer chains, the penetration of smaller nanoparticles (diameter ≈3.5 nm) inside the grafted chains increased as the MW of grafted chains increased, thus generating a three-dimensional gradient assembly of nanoparticles in polymer matrix.
Recently, we combined the above-mentioned methodologies of forming σ and MW gradients and thus created an orthogonal gradient structure, wherein σ and MW of anchored polymer chains vary continuously in two orthogonal directions on a single substrate [24] . We utilized this structure to combinatorially study the effect of MW and σ on the assembly of nanoparticles on grafted polymer surfaces. Figure 2 shows a photograph of the orthogonal gradient upon particle uptake in the brush. Color of the slide changes gradually from light pink (region of low MW and low σ) to dark violet blue (region of high MW and high σ) as one moves along the directions of increasing MW and σ. This color variation is indicative of inter-particle plasmon coupling associated with increase in uptake of particles in the brush as MW (or σ) increases [25, 26] . This visual observation of nanoparticle orthogonal gradient aided by UV- Photograph of a glass slide showing gold nanoparticles (≈17 nm in diameter) bound to an orthogonal gradient of surface grafted poly(dimethylaminoethyl methacrylate) (PDMAEMA). Note the color variation along the directions of molecular weight (MW) and grafting density (σ) gradients, clearly indicating different gold particle uptake along each gradient.
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visible spectrophotometric measurements show that orthogonal gradient can be used as smart surface to study and control spatial distribution of surface-bound nanoparticles [24] .
Taking a cue from the similarities between polymer brush-nanoparticle system and brushprotein system, we decided to employ polymer gradients to study protein adsorption process. Polymer coated substrates are used to prevent protein adsorption and thus minimize subsequent biofouling [27, 28] . Polymer chains chemically grafted to the surface have been predicted to be more efficient at preventing protein adsorption than physisorbed polymers. In this proceeding, we present results of our preliminary experiments aimed at utilizing grafted polymer gradient substrates to systematically study the complex phenomenon of protein adsorption.
EXPERIMENTAL DETAILS
All chemicals were obtained from Aldrich and used as received. Fluorescently labeled proteins (human fibrinogen labeled with Alexa Fluor-594 and hen egg lysozyme labeled with Alexa Fluor-488 were obtained from Molecular Probes. Silicon wafers (from Silicon Valley Microelectronics Ltd.) were cut into pieces of desired sizes (1 x 6 cm for linear gradient and 5cm x 6cm for orthogonal gradient) and exposed to ultraviolet radiation/ozone (UVO) treatment (Jelight Company, Inc., model 42) for 30 min. This treatment generates a large concentration of hydroxyl groups required for the attachment of polymerization initiator. All polymers were grown from silica-covered silicon substrate using atom transfer radical polymerization (ATRP) on account of its ability to form polymers with low polydispersity [29] . Polymerization of HEMA is carried out using methanol/water ATRP using a polymerization mixture containing 37.45 g of HEMA, 25.5 g of methanol, 7 g of water, 2.33 g of bipyridine, 0.663 g of CuCl and 0.101 g of CuCl 2 .
Linear gradient in molecular weight of grafted poly(2-hydroxyethyl methacrylate) (PHEMA) was prepared on silicon substrate using the methodology described in [20] . Briefly, polymerization initiator molecules were attached to silicon substrate by keeping UVO treated wafer in the initiator solution (5 µl in 150 ml anhydrous toluene at -10 o C for about 12 hrs). The initiator, [11-(2-bromo-2-methylpropionyloxy)undecyl]trichlorosilane (BMPUS), was synthesized following the literature recipe [30] . After cleaning the sample thoroughly with toluene to remove the physisorbed silane molecules, the wafer was lowered into a de-aerated polymerization mixture kept in a custom-made reaction chamber. A micro pump attached to the bottom of the chamber gradually drained the chamber of polymerization medium, thus slowly lowering the level of the solution along the substrate. The thickness of the polymer brush was proportional to the time for which the substrate stayed immersed in solution. It has to be noted that in principle, there may be a thin layer of liquid present on the polymer substrate immediately after it is removed from the polymerization solution. The thickness of the liquid film dragged upon solvent removal depends on the nature of the polymer. Hydrophobic polymers do not form such a film and water/methanol mixture simply beads down the substrate. This is likely the case for PHEMA, which is rather hydrophobic. For hydrophilic polymers, a thin liquid film may appear upon removal of reaction mixture. This film, however, subsequently flows down the substrate. This motion of the film works in the same direction as the removal of reaction mixture, i.e. top portion of the exposed substrate remains in contact with the liquid film for a shorter duration than the bottom portion of the exposed substrate. On complete drainage of reaction mixture, the sample was removed, washed and sonicated thoroughly with de-ionized water and blow-dried with nitrogen. Orthogonal gradient in molecular weight and grafting density of PHEMA was generated using the procedure outlined in [24] . Figure 3 succinctly describes the three steps involved in the formation of orthogonal gradient. First, a concentration gradient of n-octyltrichlorosilane (OTS) was formed along shorter edge (X-direction) of the silicon specimen by using silane vapor diffusion technique proposed by Chaudhury and Whitesides [31] . The remaining space on the sample was then backfilled with initiator molecules to generate a concentration gradient of polymerization initiator molecules in reverse direction. MW gradient is formed on the sample by utilizing the technique described above. To generate MW gradient in a direction perpendicular to σ gradient, the sample was lowered into the polymerization mixture in a direction perpendicular to that in which OTS diffusion was carried out (i.e., the sample was lowered along Y-direction). The dry thickness profile of grown PHEMA at various points on the linear as well as on orthogonal gradient (in a grid of 5 mm x 5 mm) was measured by variable angle spectroscopic ellipsometry (VASE, J.A. Woollam, Co.). Figure 3 . Schematic illustrating the formation of an orthogonal poly(2-hydroxyethyl methacrylate) (PHEMA) gradient. A molecular gradient of n-octyltrichlosilane (OTS) is formed on a silica-covered surface (a), and the empty spaces on the surface are filled with [11-(2-bromo-2-methylpropionyloxy) undecyl]trichlorosilane (BMPUS). The substrate, BMPUS gradient positioned horizontally, is placed in the custom-designed polymerization chamber and PHEMA molecular weight gradient is generated using the draining method, as described in the text.
Protein solutions were prepared by dissolving proteins in 10mM phosphate-buffered saline solution (PBS) (pH = 7.4) at two different concentrations. Fibrinogen was prepared at 2mg/mL while lysozyme was prepared at 200µg/mL in order to account for the difference in the molecular weights of the two proteins. The adsorption experiments were conducted by immersing linear PHEMA MW gradient in fibrinogen solution and orthogonal gradient in lysozyme solution for 72 hrs. Subsequent to this, the samples were removed from PBS solution, washed with PBS solution and water and then blow dried with nitrogen. Fluorescent microscopy images were taken at various positions along the linear PHEMA gradient after protein adsorption experiments. A fluorimeter is used to measure fluorescent counts at various points on the orthogonal gradient after lysozyme attachment.
RESULTS
Hydrophilic polymers such as poly(ethylene oxide) (PEO) and PHEMA have been traditionally used to prevent adsorption of proteins on synthetic biomaterials [32, 33] . We have chosen to use PHEMA in our study due to its ease of synthesis on surfaces at high grafting density by ATRP. Although not as efficient as PEO in minimizing protein adsorption, PHEMA has adequate protein resistance to serve as a model polymer to show the utility of gradient substrates in systematically studying a complex phenomenon such as biofouling. For example PHEMA was found to be useful in prevention of protein deposits on contact lenses [33, 34] , or in minimizing cell adhesion in routine cell culturing [35] . In Figure 4 we plot the dry thickness profile of PHEMA MW gradient. Dry thickness of grafted polymer is given by h=(σM)/(ρN A ), where M is molecular weight of polymer, ρ is polymer density, and N A is Avogadro's number. Thus, for a constant grafting density along the gradient, dry thickness of polymer film is directly proportional to MW of polymer chain grown at that point. A linear dry thickness profile along the substrate clearly indicates a linear gradient in MW of PHEMA. The top panel of Figure 4 shows fluorescent microscopy images taken at various positions along the PHEMA gradient substrate after fibrinogen adsorption. A clear reduction in the amount of adsorbed fibrinogen is evident as molecular weight of grafted PHEMA is increased along the gradient. This observation is in line with theoretical prediction [36] that adsorption of larger proteins can be suppressed more efficiently by increasing the thickness of grafted polymer film.
To study the effect of MW and σ on the adsorption of proteins, we created an orthogonal gradient in MW and σ of PHEMA. The thickness profile of such an orthogonal gradient is shown in left panel of Figure 5 . In accordance with the equation h=(σM)/(ρN A ), the dry PHEMA thickness increases in the directions of increasing MW as well as increasing σ, thus indicating successful formation of an orthogonal PHEMA gradient. Right panel of Figure 5 shows contour plot of fluorescent counts measured at various positions on the orthogonal gradient surfaces after lysozyme attachment. The intensity of fluorescence coming from the protein decreases rapidly as both MW and σ are increased, thus clearly indicating the decrease in protein adsorption. 
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CONCLUSION
We have described methods for generating structures comprising polymer brush assemblies with gradually varying grafting density and molecular weight. We have used these orthogonal polymer gradients as adsorption targets for nanoparticles and proteins. While still at preliminary stage of development, these experiments have confirmed the feasibility of utilizing polymer gradients as a simple means of studying molecular and biomolecular phenomena, such as adsorption, and separation. 
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